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During gate etching processes of multigate fin-type field effect transistors (finFETs), energetic ions
may hit the vertical walls at grazing angles and form damaged layers there. Such damages, if
formed, can affect the device performance since part of the Si vertical walls of a finFET structure is
used as a conductive channel. In this article, possible damage formation mechanisms at a Si vertical
wall by energetic incidence of hydrogen ions (Hþ) and other heavier ions are discussed based on
molecular dynamics simulation. In typical plasma processing conditions, incident ions are highly
directional toward the wafer surface and therefore ions that hit such a vertical wall do so only at
nearly grazing angles. It has been found in this study that the penetration depth of Hþ into a Si sub-
strate is weakly dependent on the incident angle and therefore ions at grazing incidence can form
deep damage. The results indicate that, in gate etching processes with HBr plasmas or other plas-
mas with hydrogen, control of energetic hydrogen ion bombardment is critical in minimizing possi-
ble surface damage at Si vertical walls. VC 2015 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4907724]
I. INTRODUCTION
Planer metal oxide semiconductor field effect transistor
(MOSFET) technologies are reaching their limit of down
scaling1–5 whereas further integration of transistors with
ever higher packing densities is still demanded by the mar-
ket. Multigate field effect transistors (FETs), which can sup-
press short-channel effects of planer MOSFETs, have been
adopted as a leading approach to integrate more transistors
in a single chip. Among various multigate FETs, fin-type
FETs (finFETs) use fin structures as their gate channels.
There has been a concern, however, that, during the manu-
facturing of such devices, ion induced damages to their Si
vertical walls may directly affect the device performance6
since part of such Si vertical walls form the gate channels.
Ion induced damages formed on Si surfaces directly fac-
ing ion bombardment during reactive ion etching (RIE) proc-
esses were extensively studied for planer MOSFET devices
in the past.7–11 Similarly, during plasma-based gate etching
processes of finFETs, energetic ions may hit the vertical
walls. However, such ions are highly directional toward the
wafer surface, driven by the electric field in the plasma
sheath near the material surface. Therefore, incident angles
of such ions on Si vertical walls of finFETs are typically
grazing, i.e., close to 90 measured from the surface normal.
If the vertical wall is tapered, it may be even more subject to
such ion bombardment. Damaging effects of energetic ions
at a large angle of incidence on the crystalline structure of
the surface are often considered to be negligible as it is often
assumed that most such ions are reflected by the surface and
tend not to be implanted into the material. However, a recent
study6 based on mass-selected ion beam experiments12 has
shown that Hþ ion injection at an incident angle of 60 can
form a deep damage layer near the substrate surface.
Although an incident angle of 60 may be still small com-
pared with typical incident angle of grazing ions during gate
etching processes of finFET structures, the earlier study sug-
gested a possibility of damage formation by energetic Hþ
ions even at grazing incidence. A better understanding of the
damage formation mechanisms by light ions such as hydro-
gen injected into a solid surface with various incident angles
would help avoid unexpected damage formation at Si verti-
cal walls during gate etching processes.
Due to the small mass and radius of a hydrogen atom
compared with those of a silicon atom, damage formation of
Si surfaces by energetic incident Hþ ions8,9,13 is known to be
different from that by heavier incident ions such Arþ. Earlier
studies14–17 on RIE processes by hydrogen containing plas-
mas recognized Si damage formed by Hþ ion bombardment
as a cause of lifetime degradation of metal–oxide–semicon-
ductor capacitors. What has not been discussed so much is a
possibility of Si damage formation by energetic ions at
oblique angle impact.
In this study, therefore, we attempt to understand the
damage formation mechanisms of Si surfaces by ion bom-
bardment at various angles of incidence, using molecular dy-
namics (MD) simulations. In actual gate etching processes
of fin-FET structures, plasmas based on halogen gases such
as Cl2 or HBr are widely used. However, in order to separate
the effect of energetic ion impact from chemical effects in a
damage formation process in the Si substrate, we use only
Arþ and Hþ ions in our simulations, assuming that the dam-
age formation mechanism by Arþ ions is indicative of that
by physical impact of heavy ions (i.e., ions whose masses
are comparable with or heavier than that of a Si atom) such
as Clþ and Brþ. The goal of this study is, however, to show
that energetic impact of relatively large and heavy ions such
as Arþ, Clþ, and Brþ on a Si substrate is qualitatively anda)Electronic mail: hamaguch@ppl.eng.osaka-u.ac.jp
021313-1 J. Vac. Sci. Technol. A 33(2), Mar/Apr 2015 0734-2101/2015/33(2)/021313/6/$30.00 VC 2015 American Vacuum Society 021313-1
significantly different from that by small and light ions such
as Hþ. It will be shown in this study that small and light ions
such as Hþ can penetrate so much more deeply than larger
and heavier ions into a Si substrate and, if their dose is suffi-
ciently high, can cause significant amorphization of Si.
Since a study on injection of simple ions such as Arþ or
Hþ into Si is so fundamental, it seems widely believed that
everything related to the subject, including various data such
as sputtering yields, should have been known by now.
However, in reality, it is not the case. In the case of the
authors, when we examined a possibility of designing a new
damage-free processing technology for nanoscale structures
of next-generation semiconductor chips, we found it neces-
sary to revisit this problem in order to understand the mecha-
nisms of damage formation in Si by energetic impact of
various ions, especially those at large angles of incidence.
As we shall discuss later, published literatures on the sputter-
ing yields of Si by energetic Hþ ions are scarce. Even for
sputtering yields of Si by energetic Arþ ions, there seem
very few or possibly no published data of Si sputtering yields
by energetic Arþ ions as functions of the beam incident
angle in a relatively low energy range (e.g., 500 eV or less).
Therefore, we believe that our MD simulation results on Si
sputtering by Arþ and Hþ ion incidence obtained in this
study are novel and the first of its kind and help understand
the damage formation mechanisms on Si surfaces during
RIE processes.
II. SIMULATION METHODS
In the MD simulation presented in this article, we use
Stillinger–Weber type interatomic potential functions,18–21
similar to those used in earlier simulation studies of Refs. 22
and 23, with newly adjusted parameters. For the sake of sim-
plicity, effects of the electric charges of incident ions are not
taken into account in the evaluation of interatomic forces.
For example, an energetic incident ion in an actual experi-
ment is treated as a charge-neutral atom with the same ki-
netic energy in the MD simulation used in this study. This
approximation may be justified due to an Auger emission
process that neutralizes incident ions immediately before
they interact with surface Si atoms.24,25
In the simulation, the Si substrate is represented by a rec-
tangular box of crystalline Si with the top surface being Si
(100). Its horizontal cross section is a square of 3.26 
3.26 nm whereas its depth varies depending on the simula-
tion conditions and can be as large as 80 nm. The depth is
taken sufficiently large in order to minimize effects of the
presence of the artificial bottom surface of the simulation
box. To avoid unnecessary downward shift of the substrate
during simulation by momentum transfer from energetic
ions to the substrate, the bottom layer of the substrate is fixed
as an anchor layer. Periodic boundary conditions are
imposed in the horizontal directions so that the system would
represent an infinitely wide surface layer.
The initial Si substrate is set in thermal equilibrium at a
temperature of 300 K. An ion is then injected into the Si sub-
strate surface in the simulation. As in typical classical MD
simulation, trajectories of all atoms are obtained as the si-
multaneous solutions of Newton’s equations of motion for
all atoms in the simulation box. The initial horizontal posi-
tion of each incident ion is determined randomly and its ver-
tical position is set to be 0.5 nm above the substrate surface.
After each ion injection, the constant-energy (microcanoni-
cal) MD simulation is carried out for 700 fs and then, for the
following 300 fs of MD simulation, the system is gradually
cooled down to reach its initial temperature of 300 K. A new
ion is then injected into this surface and the same simulation
procedure is repeated. After sufficiently many repetitions of
such an ion injection cycle, the surface roughness reaches its
steady state, which would represent the experimentally
observable surface roughness under the given ion bombard-
ment conditions.
Under the ion bombardment conditions examined in this
study, essential collision dynamics, such as penetration or
reflection of the incident ion and dislocation of Si atoms fol-
lowing the ion impact, takes place within the first 700 fs of
each simulation cycle. The latter 300 fs cooling simula-
tion23,26–28 is meant to emulate a natural relaxation process
of the surface, which would typically ensue for micro- or
milliseconds in reality, before another ion incidence occurs
in the same neighboring area (represented by the surface
area of the model substrate). Ions used in the simulations are
Hþ and Arþ, with incident ion energies in the range from
100 to 500 eV and incident ion angles from 0 (normal inci-
dence) to 80.
In actual gate etching processes by RIE, of course, inci-
dent ions typically have a wide energy distribution, depend-
ing on the RF bias voltage applied to the electrode that holds
the substrate. However, the focus of this study is the damage
formation by energetic ion impact, so what matters is
whether most energetic ions of our interest in the plasma
causes damages on the Si surface or its subsurface bulk
region. Therefore, we examine effects of only monoener-
getic ion beams on Si surfaces. Furthermore, in actual plas-
mas, a large number of charge neutral reactive species (i.e.,
free radicals) can passivate the surface. Although such sur-
face passivation, which typically occurs within the top sur-
face layer of a thickness of 1 nm or so, can significantly
affect the sputtering yields, we assume that it hardly affects
the orbits of energetic particles that penetrate for tens of
nanometers into the Si substrate. Therefore, in the present
study, we focus only on beam–surface interactions and defer
the surface passivation effects on damage formation to a
future study.
III. SIMULATION RESULTS
Figure 1 shows Si substrate structures obtained from MD
simulations after Arþ ion injections at incident angles of 0
(normal incidence), 30, 60, and 80. Here, small spheres
represent Si atoms and large spheres represent Ar atoms
implanted in the Si substrate. Here, Ar atoms are depicted
disproportionally large so that they become more conspicu-
ous. It is seen that there are not many implanted Ar atoms in
the cases shown here. The incident Arþ ion energy is 500 eV
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and the ion dose was 7.3 1015/cm2 in each case. The initial
top surfaces of all model substrates before ion bombardment
were set at the same height and the differences in height in
Fig. 1 reflect differences in the etch rate, which depends on
the incident angle. It is clearly seen that the etch rate is the
largest at 60 among the four cases examined here.
The initial substrate was crystalline Si and it is seen in
Fig. 1 the top layer of each model substrate has been dam-
aged (i.e., amorphized) by ion bombardment. The thickness
of the amorphized layer clearly depends on the ion incident
angle and is the lowest at the largest incident angle.
Suppose that the top substrate surface of Fig. 1 represents
a vertical wall of a finFET structure, as schematically
depicted in Fig. 2. In a typical gate etching process, most
ions accelerated by the sheath voltage travel nearly in
parallel to the vertical wall and ions that collide with the sur-
face are most likely to do so at grazing angles. The results of
Fig. 1 suggest that damage formed by grazing incidence of
Arþ ions (or other ions whose mass is similar to or larger
than that of Si, such as Clþ or Brþ) is limited only to a very
thin layer at the vertical wall. The observation here obtained
from MD simulation is consistent with experimental obser-
vation given in Ref. 6, where a transmission electron micros-
copy image of cross section of a Si sample after 500 eV Brþ
ion beam bombardment at an oblique angle of incidence
(60) exhibits only limited surface layer damage.
Figure 3 shows Si etching yields by Arþ ions of given
incident energies as functions of angle of incidence,
obtained from MD simulation used for this study. The
curves are guides to the eye. Experimentally obtained Si sput-
tering yields by Arþ ions at normal incidence with various inci-
dent energies are summarized in Ref. 29, with which the values
at 0 of Fig. 3 are in good agreement. There seem no publicly
available experimental data of angle dependent Si sputtering
yield by Arþ ions at low incident energy (e.g., 500 eV or
lower). Therefore, Fig. 3 presents our best theoretical estimate
of Si sputtering yields at oblique angles of incidence.
Figure 4 shows Si substrate structures obtained from MD
simulations after Hþ ion injections at incident angles of 0
(normal incidence), 30, 60, and 80. Here, gray spheres
represent Si atoms and large red spheres represent H atoms.
Here, H atoms are depicted disproportionally large so that
they become more conspicuous. Note that majority of
implanted H atoms are found in a much deeper region, as
will be discussed later in this section. The incident Hþ ion
energy was 300 eV, and the ion dose was 9.4 1016/cm2 in
each case. As in Fig. 1, the initial top surfaces of all model
substrates before ion bombardment were set at the same
height and the differences in height in Fig. 4 reflect differen-
ces in the etch rate.
The sputtering yields of Si by Hþ ion beams are not much
known except for the yields at normal incidence experimen-
tally obtained by Roth et al.,30 data of which are also listed
in Ref. 29. There seem no publicly available experimental
data of angle-dependent Si sputtering yield by Hþ ions in the
energy range of our interest, either. At normal incidence, the
experimentally obtained Si sputtering yield by 300 eV Hþ
FIG. 1. (Color online) Si substrate structures after 500 eV Arþ ion injections.
Small spheres represent Si atoms and large spheres represent Ar atoms
implanted in the Si substrate. Here, Ar atoms are depicted disproportionally
large so that they become more conspicuous. It is seen that there are not
many implanted Ar atoms. The Arþ ion dose is 7.3 1015/cm2 in each case.
The angles of incidence are (a) 0, i.e., normal incidence, (b) 30, (c) 60,
and (d) 80.
FIG. 2. (Color online) Schematic diagram of a finFET structure, showing the
relation of MD simulations in this study with a finFET structure and ions hit-
ting the vertical walls with grazing angles.
FIG. 3. (Color online) Si etching yields by Arþ ions of given incident ener-
gies as functions of angle of incidence, obtained from MD simulations. The
curves are guides to the eye.
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ions is approximately 6 103 whereas the sputtering yield
obtained from our MD simulation is about 102 with a rela-
tively large error bar. Since the sputtering yield is so low
under these conditions, accurate evaluation of the sputtering
yield (i.e., etch rate) by MD simulation would require spa-
tially larger and temporally longer scale simulation to reduce
statistical errors. Therefore, evaluation of Si sputtering yield
by Hþ ions by MD simulation is deferred to a future study.
However, our preliminary estimates of Si sputtering yields
by Hþ ions at normal incidence as well as our evaluation of
Si sputtering yields by Ar ions given in Fig. 4 are sufficiently
consistent with the corresponding experimental data that are
available in literature, which we believe vindicates the reli-
ability of our MD simulation.
It is seen in Fig. 4 that, in the cases of normal and 30
incidence of 300 eV Hþ ions, the damage caused by the ion
bombardment is so deep that almost all substrate regions are
amorphized. Furthermore, even at 80 incidence, the
amorphized Si layer is much deeper than that by (more ener-
getic) 500 eV Arþ ion incidence at the same angle of inci-
dence shown in Fig. 1. The simulation results are
qualitatively consistent with experimental observations
given in Ref. 6, where ion beam experiments have shown
that the damaged Si layer thickness due to Hþ ion incidence
hardly depends on the angle of incidence.
Figure 5 shows the Si substrate structures after Hþ ion
injections at an incident angle of 80 with different ion inci-
dent energies, i.e., (a) 500, (b) 300, and (c) 100 eV. The ion
dose in each case is the same as that of Fig. 4, i.e.,
9.4 1016/cm2. It is seen that more Si atoms are dislocated
at higher incident energies.
It should be noted that many incident ions at a large angle
of incidence are reflected from the surface. Figure 6 shows
the reflection rate of Hþ ions as functions of the incident
angle at various incident energies, obtained from MD simu-
lation. A curve shown in Fig. 6 is a guide to the eye. Here,
the reflection rate is defined as the ratio of the number of
incident Hþ ions that are reflected from the surface to the
total number of incident Hþ ions. It is seen that the reflection
rate hardly depends on the incident energy among the cases
examined here. At a large incident angle, only a small frac-
tion of incident ions enter the substrate, which explains
lower densities of dislocated Si atoms at larger incident
angles in Fig. 4. In Fig. 4, it is seen that the amorphized layer
observed at 80 is shallower than those at smaller incident
angles. However, this does not mean that crystalline Si
below the amorphized layer is completely intact. Unlike Arþ
ions, some incident Hþ ions can penetrate deeply into the
substrate even at a large angle of incidence and can dislocate
Si atoms at large depths.
Figure 7 shows density profiles of H atoms implanted in
Si substrates after the substrates are subject to 500 eV Hþ
ion incidence at incident angles of 0 (normal incidence),
30, 60, and 80. The dose is 2.8 1016/cm2 in each case.
The simulations were performed with sufficiently deep
model substrates and the H density plotted in Fig. 7 is the av-
erage over a layer of 2 nm at each depth. It should be noted
that the depth profiles were plotted over a much larger depth
in Fig. 7 than those shown in Figs. 1, 4, and 5. (However, the
ion dose in Fig. 7 is about three times smaller than those of
FIG. 4. (Color online) Si substrate structures after 300 eV Hþ ion injections.
Small spheres represent Si atoms and large spheres represent H atoms
implanted in the Si substrate. Here, H atoms are depicted disproportionally
large so that they become more conspicuous. Note that majority of
implanted H atoms are found in a much deeper region later. The ion dose is
9.4 1016/cm2 in each case. The angles of incidence are (a) 0, i.e., normal
incidence, (b) 30, (c) 60, and (d) 80.
FIG. 5. (Color online) Si substrate structures after Hþ ion injections at an
incident angle of 80. Small spheres represent Si atoms and large spheres
represent H atoms implanted in the Si substrate. The ion dose is 9.4 1016/
cm2 in each case. The incident energies are (a) 500 eV, (b) 300 eV, and (c)
100 eV.
FIG. 6. (Color online) Reflection rates of Hþ ions incident on Si substrates as
functions of the incident angle at three different incident energies: 100, 300,
and 500 eV, obtained from MD simulation. The curves are guides to the
eye.
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Figs. 1, 4, and 5. Simulations to obtain profiles such as those
in Fig. 7 with deeper model substrates take significantly lon-
ger computational time than those to obtain Figs. 1, 4, and 5,
which were obtained with much shallower model substrates.)
Since the MD simulation used in this study does not simulate
long-time diffusion processes of H atoms in Si, Fig. 7
presents the hydrogen density profiles “as implanted.” In
reality, significant hydrogen diffusion in Si can take place
with such large density gradients and the stable density pro-
files of implanted H in Si may have lower peak densities and
broader depth profiles.
Oehrlein and Lee8 examined deuterium (rather than
hydrogen, for the sake of measurement) profiles in Si using
secondary ion mass spectroscopy after the Si substrates were
etched in RIE processes with CF4 and D2 gases. Their meas-
urements showed that the implanted deuterium concentration
can reach 1021 cm3 and the profile of significantly high deu-
terium concentrations (1019 cm3 or higher) can extend to
50–100 nm in depth under typical RIE process conditions.
Although the experimental conditions of Ref. 8 are very dif-
ferent from the ion beam conditions we used in this MD sim-
ulation study and significant diffusion of deuterium was also
suggested to account for the experimental observations, the
experimentally obtained deuterium profiles given in Ref. 8
suggest that the as-implanted hydrogen concentration pro-
files with tens of nanometers shown in Fig. 7 are not implau-
sible under typical processing conditions.
It is clearly seen in Fig. 7 that the maximum depth reach-
able by incident H atoms hardly depends on the angle of
incidence for the given incident energy. It is also seen that
the implanted H atomic density in the Si substrate is lower at
a higher angle of incident. This is because, as seen in Fig. 6,
for a given incident ion dose (2.8 1016/cm2 in each case of
Fig. 7), more incident ions are reflected and do not enter the
Si substrate at larger incident angles.
Similarly Fig. 8 shows the density profiles of H atoms
implanted in Si substrates after the substrates are subject to
100 eV Hþ ion incidence at incident angles of 0 (normal
incidence), 30, 60, and 80. The dose is 2.8 1016/cm2 in
each case. The H density plotted in Fig. 8 is the average over
a layer of 2 nm at each depth.
The results of both Figs. 7 and 8 indicate that, even at
large angles of incidence, incident H atoms can penetrate as
deeply as incident H atoms at normal incidence and therefore
the maximum depth of damaged (i.e., dislocated) Si by H
ion injection may hardly depend on the angle of incidence if
the ion dose is sufficiently large.
IV. CONCLUSIONS AND SUMMARY
Damage of a crystalline Si substrate, i.e., dislocation of Si
atoms from their original crystalline positions, caused by ion
bombardment at various incident angles has been examined
with the use of MD simulations. The goal of this study is to
assess possible damage formation on vertical wall surfaces
of finFET structures during gate etching processes, where
the Si vertical walls may be subject to grazing incidence of
energetic ions. Since part of the Si vertical walls of a finFET
can form a conductive channel of the device, damage to the
vertical walls may adversely affect the device performance.
In typical gate etching processes, plasmas based on HBr are
widely used, where Hþ and Brþ ions are likely to be some of
the major incident ionic species. In this study, we examined
damage formation on a crystalline Si surface by Hþ and Arþ
ions, assuming that the damage formation mechanism by
Arþ ions is indicative of that by physical impact of heavy
ions (i.e., ions whose masses are comparable with or heavier
than that of a Si atom) such as Clþ and Brþ.
It has been found from our MD simulation that the thick-
ness of a Si damaged layer caused by energetic Arþ ion inci-
dence decreases with the angle of incidence, indicating that
damage formation on Si vertical walls by grazing incidence
of heavy ions such as Arþ, Clþ, or Brþ, is likely to be negli-
gible during gate etching processes of finFET structures.
This is because most ions of grazing incidence are reflected
from the surface and, if some ions enter the substrate, they
leave damage only in a very thin layer at the surface.
However, it has been also found that the thickness of a Si
damaged layer caused by energetic Hþ ion incidence hardly
FIG. 7. (Color online) Density profiles of H atoms implanted in Si substrates
after the substrates are subject to 500 eV Hþ ion incidence at incident angles
of 0 (normal incidence), 30, 60, and 80. The ion dose is 2.8 1016/cm2
in each case. The density is the average over a layer of 2 nm at each
depth.
FIG. 8. (Color online) Density profiles of H atoms implanted in Si substrates
after the substrates are subject to 100 eV Hþ ion incidence at incident angles
of 0 (normal incidence), 30, 60, and 80. The ion dose is 2.8 1016/cm2
in each case. The density is the average over a layer of 2 nm at each
depth.
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depends on the angle of incidence, indicating that grazing
incidence of Hþ ions may cause some damage to the Si verti-
cal walls during gate etching processes of finFETs. This is
because Hþ ions can scatter in a wide range of directions
once they enter the substrate and travel deeply into the sub-
strate due to their small mass and atomic radius.
The simulation results are consistent with earlier observa-
tions of damage formation on Si surfaces performed in ion
beam experiments of Ref. 6, which shows that the depths of
amorphized layers of Si substrates formed by 500 eV Hþ
ions with a dose of 1.0 1017 cm2 at normal and 60 angle
of incidence are essentially the same. Accurate measure-
ments of surface properties, such as sputtering yields or dam-
age formation, for a surface subject to ion bombardment of
grazing incidence are in general difficult to perform since it
requires highly accurate beam positioning and high beam
stability. Our study based on MD simulation has not only
confirmed the consistency of simulation results with earlier
experimental observations for damage formation up to 60
angle of incidence but also indicated that energetic impact of
Hþ ions on Si surface can damage the surface up to a similar
depth even when the angle of incidence is as large as 80.
In summary, the damage formation mechanism by inci-
dence of Hþ ions on a Si surface is different from that by
incidence of Arþ ions due to their smaller mass and atomic
radius. Energetic H atoms do not lose much kinetic energy
when they collide with Si atoms of the substrate due to the
large difference in mass between Si and H. Also, energetic H
atoms can travel deeply into the Si substrate due to their rela-
tively small atomic radius compared with the size of intersti-
tial space of Si. Furthermore traveling H atoms in a Si solid
may scatter with large angles at collisions with Si atoms,
which results in a wide range of directions in which incident
H atoms travel after they enter the Si substrate regardless of
their angles of incidence. This contrasts starkly with the case
of heavier atoms, such as Ar, Cl, or Br, whose atomic radii
are comparable with that of Si. Such ions cannot penetrate
deeply into the Si substrate especially when they hit the sub-
strate surface at large angles of incidence and therefore tend
to form a relatively shallow layer of dislocated Si by ion
impact.
The results obtained in this study suggest that, in gate
etching processes with HBr plasmas or other plasmas that
contain hydrogen, control of energetic hydrogen ion bom-
bardment is critical in minimizing possible surface damage
at Si vertical walls.
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